Introduction
The nature of the invertebrate inflammatory response and the cell types involved It is ironic that one of the fathers of modern immunology, Elie Metchnikoff, carried out his Phagocytosis is a universal phenomenon most significant experiments in a non-mamma-within the animal kingdom that first functioned lian model, the starfish larva. While working in as a feeding mechanism in unicellular organisms the Mediterranean at the Straits of Messina he such as amoebae and was later employed as a implanted rose thorns into transparent starfish defensive mechanism to maintain the integrity of larvae in which he was able to observe the more complex multicellular organisms. 2 Phagocybehaviour of blood cells that surrounded the tic blood cells have been described in organisms 'foreign' implant. From this simple observation from anthrozoans through to the cephhe progressed to demonstrate the phagocytic alochordates 4 and urochordates 5 that are activity of these cells towards bacteria and subsebelieved to be the closest living relatives of the quently he applied this obseeeation made in an first vertebrates. 6 As shown in Fig. 1 early multiinvertebrate to explain the role of phagocytic cellular animals, whose modern day representaleucocytes in humans during inflammation. Later tives include sponges and coelenterates, gave rise in the 1920s the French scientist Metalnikov, a to more advanced forms with a body space pupil of Metchnikoff, marvelled at the phenom-referred to as a coelom. In most invertebrates enal ability of insect larvae to deal with injection the coelom is the main body cavity that is filled of pathogenic bacteria that would overwhelm the with fluid and cells termed coelomocytes. Not all natural defences of the mammalian immune animals have an extensive coelom and in insects, system. molluscs and urochordates for example, the From these early reports it can be seen that main body cavity is a haemocoel and hence the invertebrates and other 'lower' animals are cells are described as haemocytes rather than capable of mounting highly effective inflamma-coelomocytes. Some invertebrates, including tory responses that at least match the capacity annelid worms (see Fig. 1 )have both haemocytes of any mammal. Indeed, invertebrates with in their blood vascular system and coelomocytes their lack of immune system comprising lym-in the coelom. 2 (Fig. 3) . This 'mast cell analogue' of invertebrates is referred to as a granular cell in crustaceans and cystocyte, coagulocyte or granular cell in insects. 8 The nature of some of these mediators is described later in this review.
The inflammatory processes of invertebrates:
There are two main processes characteristic of the inflammatory response of invertebrates. The first is phagocytosis and essentially this defence reaction is very similar to its mammalian counterpart with the exception of the recognition process. 8 The mechanisms involved in the intra- 44 In this latter example, the integrin-like erate 15-HETE as their major product, with PGE2, molecule has been found to contain the char-PGD2, PGFiu and PGA2 as the main cycloox-acteristic RGD sequence (Arg-Gly-Asp) that ygenase-derived products. 41 In both cases, inhibi-represents the functional binding site to its tion of presumptive lipoxy-genase and cyclo-ligand(s). 44'45 The P. leniusculus adhesion moleoxygenase-derived product generation can be cule is a 76 kDa protein that causes degranula- 40 41 achieved with specific inhibitors.
tion of crayfish granular blood cells 44'46 thereby Recently reported experiments have given causing the activation of the prophenoloxidase insight into the possible role of eicosanoids as system (see Fig.3 ) which in turn promotes inflammatory mediators in insects. These studies encapsulation activity. 47 A similar factor has also used nodule formation as the assay system where been found in another crustacean, the crab, Carinsect larvae of the tobacco hornworm (M. cinus maenas. 48 This 80 kDa protein found in sexta) were injected with bacteria (Serratia mar-the granular haemocytes acts as an opsonin cescens) and the size and number of nodules enhancing the phagocy.ic ability of hyaline blood formed in the haemocoel in response to this cells of this animal. 8 This protein, and its particulate insult determined. 42 They found that equivalent in other species, may be the opsonic prior injection of the phospholipase A2 (PLA2) principle generated by the prophenoloxidase inhibitor, dexamethasone, caused a dose-depen-system in insects and crustaceans during the dent inhibition of the nodule formation response degranulation response in unstable granule-conto S. 49 Unfortunately, the structure of the 100 kDa protein remains to be determined and so no sequence comparisons with other adhesion molecules can be made.
The nature of the inflammatory response in "lower" vertebrates and the cell types involved
The most significant stage in the evolution of the immune system came about with the appearance of the first vertebrates. These were probably the first animals with 'true' lymphocytes, with the ability to respond by clonal selectivity upon challenge. Furthermore, these animals would have had the ability to synthesize 'true' immunoglobulins (i.e. molecules with variable regions) that specifically interact with non-or altered-self materials. The modern day ancestors of these first vertebrates are fish (Fig. 1) (Fig. 5) , the dermis, gills and swimbladder with similar structural and functional properties to mammalian mast cells. 51 (Fig. 6) . 5 In cartilaginous fish there may also be several different morphological types of eosinophilic granulocytes in the same species (Fig. 6) always mirror functional diversity and secondly, that there is no common evolutionary trend in granulocyte heterogeneity within the different types of fish.
The inflammatory response in fish: This has been 56 57 the subject of recent excellent reviews and hence this following section is only included to present some more recent findings and highlight topics of particular interest to the reader. There are many descriptions of inflammatory exudate formation in fish following experimental challenge or in naturally infected fish. Several similarities exist between the mammalian and piscine acute inflammatory responses. For example, the cellular involvement in inflammation in fish appears to be biphasic with an influx of granulocytes followed by a later arrival of monocytes/ macrophages. 5 Both cell types are also actively phagocytic. 57 Some key differences do exist, however, between the response in fish and mammals, in particular the dynamics and intensity of this reaction. Most studies have reported a protracted inflammatory response in fish where peak numbers of granulocytes and macrophages occur at about 1-2 days and 2-7 days respectively post-challenge. 5< In carp, the granulocytes that migrate to sites of inflammation originate from the head-kidney, 5 a haemopoietic 55 tissue equivalent to mammalian bone marrow, while the macrophages in exudates appear to originate from blood-derived monocytes. The site of monocytopoiesis in bony fish is usually the head-kidney and/or spleen. 55 Once at the site of inflammation, macrophages may become stimulated with increased phagocytic potential and enhanced antimicrobial activity. 59 As would be expected, the sequence of events during phagocytosis (chemotaxis, attachment, include the elevation in a number of macrophage ingestion and intracellular digestion) are essen-activities including phagocytosis, adherence and tially the same in fish as in mammals.
5v The spreading to substrates, respiratory burst and attachment of foreign material to both piscine bacterial killing, vx Recent studies have reported granulocytes and mononuclear phagocytes synergism between human rTNF-z and fishappears to be aided by immunoglobulin and derived MAF in terms of respiratory burst activity complement fragments 6 at least in some cases, in fish macrophages, v This effect could be while subsequently the respiratory burst leads to inhibited by prior incubation of target macroan increase in oxygen radical generation. 5v'64 phages with monoclonal antibodies to the mamThere is also evidence for the production of NO malian receptor for' TNF-z. in fish phagocytes that is enhanced by exposure to microbial products. 65 
